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Fig. 1.1: Structure of PAM 6).
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Fig. 2.1: Illustration of considered Antagonistic PAM pairs system.
2.2 ????????????????
??????????????????Fig. 2.2??????????????
???????? x := [ _ P1 P2]T 2 R3???????????????
_x(t) = f(x(t); u(t)) if x(t) 2 X (2.1a)
y(t) =
2641 0 0 00 0 1 0
0 0 0 1
375 x(t) (2.1b)
????????? t 2 R, ????? u := [u1 u2] 2 U  R2, ???? y :=
[ P1 P2]
T 2 R3, ??????????  2  := f1; 2;    ; 18g????X??
???????????????????X := fx 2 R4j	(x) > 0g??????
????	 : R4 ! R??????????????????????????
???????? u 2 U ??????  ????????f([  0 P1 P2]T; u) = 0
?????
? (2.1)??????????????? 2.2.1??? 2.2.2?????



























































Fig. 2.2: Block diagram of antagonistic PAM pairs system.





??????????????????? l??? P ????????????
? 24)?
F (l; P ) = v1(l)P + v2(l)
????????? 0:152 m, 0:165 m, 0:177 m, 0:189 m???????????
????????? Fig. 3.2????Fig. 3.2????????????????
??????? Fig. 3.3????Fig. 3.2??????????????????
????? (Pp; Fp)?????Fig. 2.4???????????????????
??? v1(l) = al + b???????????????? F ??????????
F (l; P ) = (al + b)(P   Pp) + Fp (2.2)
3.2?? a,b,Pp,Fp???????????
































Fig. 2.3: pressure and force (PAM length contracted).
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Fig. 2.4: PAM length and v1.
???????? V ??????????????????????????
????????? V ????????? l? 2????????????? 25).
V (t) = D1l(t)
2 +D2l(t) +D3 (2.3)
??????????????????
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???????????????????????? m ?????????.
m(t) = (t)mi(t)  (1  (t))mo(t) (2.6)
???? 2 [0; 1]?????????????????????? u????















































mi???Pt = Ptank, Pb = P (t)?????????????mo???Pt = P (t),
Pb = Pout???????????????? (u)??????????????
??3.5???? (u)??????????




J  + cs _ + ks sin = 0 (2.8)





L(t) = r sin 
???????????????????????????????? l1; l2??
????????
l1(t) = L0  L(t)
l2(t) = L0 +L(t)
???????????????????????????????????
???
J  + ks sin   r cos (F (l1; P1)  F (l2; P2)) + Tf ( _ ; Fo) = 0 (2.9)
????Tf????????????????????????????????




???????s??????????????Fo = F (l1; P1)+F (l2; P2) Mg
???Ts?????????




















((Ts + Tp)sgn( 
v
i ) + cs 
v
i )=(1 + Zcs) if j vi j > Z(Ts + Tp)
 vi =Z if j vi j  Z(Ts + Tp)
(2.12)
???????????? Tstp???Z = Tstp=J ??????????????
?? _ ???????????  v ?? vi =  vi 1 + ZTo???????????
i = 1; 2;    ????To =  ks sin + r cos (F (l1; P1)  F (l2; P2))??????
???????????














Fig. 2.6: Illustration of force on seesaw.





A0; k1; k2; T
0
p; s??????????????????????????????
??????????????????????P1(t); P2(t);  (t)???????
??? P1; P2;  ???? P1;2 2 [Pout; Ptank] ^  2 <?????????????
????????????m1;2; _P1;2; _V ; _ ;  ? 0??????????? (2.5)?
??? 0????mi(P );mo(P )?????? (2.6)???
mi( P ) = (1  )mo( P ) (2.13)
????????????u???? P ??????? (2.9)???
ks sin    r cos  
 
F (l1(  ); P1)  F (l2(  ); P2)





((Ts + Tp)sgn(To) + csZTo)=(1 + Zcs) if jToj > Ts + Tp;
To if jToj  Ts + Tp;
(2.15)
? (2.14)?(2.15)???Tf ??????????jToj > Ts + Tp????? (2.14)
??????????????????????
0 = ks sin    r cos  
 
F (l1(  ); P1)  F (l2(  ); P2)

+ To
^ jToj  Ts(  ; P1; P2) + Tp( P1; P2);
????? P1; P2????  ????????????????????????
???? T 0p; s????A0; k1; k2????????????
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Table 2.1: Variables and Parameters of Antagonistic PAM pairs system
 : angle of seesaw [rad]
l1; l2 : length of PAM [m]
P1; P2 : absolute internal gas pressure [Pa]
V1; V2 : volume of PAM [m
3]







rp : radius of shaft [m]
r : radius of seesaw [m]
L0 : contraction initial length of PAM [m]
D1; D2; D3 : coecients of polynominal [m, m
2, m3]
M : weight of seesaw [kg]
g : gravitational acceleration [m/s2]
Ptank : source absolute pressure [Pa]
Pout : atmospheric pressure [Pa]
k : specic heat ratio for air [{]
R : ideal gas constant [J/kgK]
T : absolute temperature [K]
J : moment of inertia of seesaw [kgm2]
ks : inertia of seesaw [Nm]
cs : viscous friction coecient [Nms]
a1; a2 : coecient of force [m]
b1; b2 : coecient of force [m
2]
Pp : coecient of force [Pa]























Tp : Coulomb friction coecient of PAM [N
2/m]
s : Coulomb friction coecient of shaft [{]
A0 : orice area of control valve [m
2]
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2.3.1 ??????????????
??????????????????? T 0p; s?????????????
?????????????????????????????????????




???????????????????????????????? T 0p =




f8:5e  06; 1:0e  02; 5:0e  04g??????????????????????
Fig. 2.8????
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(b) dierences in responses
Fig. 2.7: Inuence of changing Tp on pressure response.











(b) dierences in responses
Fig. 2.8: Inuence of changing s on pressure response.






??????A0 = f0:047e  6; 0:147e  6; 0:019e  6g????????????
????????????????? Fig. 2.9????
???????? k1; k2
???????????????????? [k1; k2] = f[1:4; 1:4], [1:4; 1:0], [1:0; 1:0],
[1:0; 1:4]g?????????????????????????????Fig. 2.10
????
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Fig. 2.9: Inuence of changing the orice area in solenoid valve A0 on time response.



















































Fig. 2.10: Inuence of changing k1 or k2 on time response.









 ?? I : ??? Ff
I1 :  
v
i > Z(Ts + Tp)
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 ??V : ??? 2?????????mo












X := fx 2 R4 j I1 ^ II2 ^ III3 ^ IV4 ^ V5 is true:g
?????? x??????????????? 1??????





??????????Ptank ; 700 kPa?Pout ; 100 kPa?????? II{V???
???
II1 : P1(t)  350 kPa
II2 : P1(t) > 350 kPa
IV1 : P2(t)  350 kPa
IV2 : P2(t) > 350 kPa
III1 : 200 kPa  P1(t)
III2 : 200 kPa > P1(t)
V1 : 200 kPa  P2(t)
V2 : 200 kPa > P2(t)
?????????? \ P1(t) > 350 kPa "?? \ 200 kPa > P1(t) "??????
? \ P2(t) > 350 kPa "?? \ 200 kPa > P2(t) "???????????????
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Table 2.2: Correspondence of conditions X and modes f
conditions X modes f
X1 := fx 2 R4 j I1 ^ II1 ^ III1 ^ IV1 ^ V1 is true:g f1
X2 := fx 2 R4 j I1 ^ II1 ^ III1 ^ IV1 ^ V2 is true:g f2
X3 := fx 2 R4 j I1 ^ II1 ^ III1 ^ IV2 ^ V1 is true:g f3
X4 := fx 2 R4 j I1 ^ II1 ^ III2 ^ IV1 ^ V1 is true:g f4
X5 := fx 2 R4 j I1 ^ II2 ^ III1 ^ IV1 ^ V1 is true:g f5
X6 := fx 2 R4 j I1 ^ II1 ^ III2 ^ IV1 ^ V2 is true:g f6
X7 := fx 2 R4 j I1 ^ II2 ^ III1 ^ IV2 ^ V1 is true:g f7
X8 := fx 2 R4 j I1 ^ II2 ^ III1 ^ IV1 ^ V2 is true:g f8
X9 := fx 2 R4 j I1 ^ II1 ^ III2 ^ IV2 ^ V1 is true:g f9
X10 := fx 2 R4 j I2 ^ II1 ^ III1 ^ IV1 ^ V1 is true:g f10
X11 := fx 2 R4 j I2 ^ II1 ^ III1 ^ IV1 ^ V2 is true:g f11
X12 := fx 2 R4 j I2 ^ II1 ^ III1 ^ IV2 ^ V1 is true:g f12
X13 := fx 2 R4 j I2 ^ II1 ^ III2 ^ IV1 ^ V1 is true:g f13
X14 := fx 2 R4 j I2 ^ II2 ^ III1 ^ IV1 ^ V1 is true:g f14
X15 := fx 2 R4 j I2 ^ II1 ^ III2 ^ IV1 ^ V2 is true:g f15
X16 := fx 2 R4 j I2 ^ II2 ^ III1 ^ IV2 ^ V1 is true:g f16
X17 := fx 2 R4 j I2 ^ II2 ^ III1 ^ IV1 ^ V2 is true:g f17
























Fig. 3.1: Experimental PAM system.
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Table 3.1: Experimental equipments of single pam
Name Specications
PAM AirMuscle, Kanda Tsushin Kogyo,
length: 200 mm (be given 2kgf mass),
diameter: 10 mm.
Solenoid valve MPYE-5-M5-010-B, FESTO,
5/3-way valve, critical frequency: 125 Hz.
Laser displacement meter (LDM) ZX-LD300L and ZX-LDA11-N, Omron,
optical resolution: 0.3 mm.
Pressure sensor E8MS-10, Omron,
range: 0{1 MPa.
Flow meter SAB-10U-WQ8-2SV-M12, FESTO,
range: 0:1{10 L/min.
Air compressor 6-25, JUN-AIR,
tank: 25 L, displacement: 60 L/min.
Pressure tank AST-25G, EARTH MAN,
tank: 25 L.
Control PC Vine Linux 5.0, RT-Preempt Patch,
CPU: 2.7 GHz,
memory: 4 GB, homebuilt.
? 3? ??????????? 26
3.2 ?????????









?????????????????? a1; b1; a2; b2????????????1
????????????????????????????????????
??????????????????????????????? a1; b1; a2; b2
????
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Fig. 3.2: pressure and force (PAM length contracted).

















Fig. 3.3: PAM length and a.








(a) front (b) side
Fig. 3.4: Experimental antagonistic PAM pairs system.
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Table 3.2: Experimental equipments of angatonistic pam pairs
Name Specications
PAM1, PAM2 AirMuscle, Kanda Tsushin Kogyo,
length: 200 mm (be given 2 kgf mass),
diameter: 0.5 inch.
Solenoid valve1, MPYE-5-M5-010-B, FESTO,
Solenoid valve2 5/3-way valve, critical frequency: 125 Hz.
Torque sensor UTM II-10 Nm(R), UNIPULSE,
range: 10Nm
Rotary encoder UTM II-10 Nm(R), UNIPULSE,
incremental, resolution: 2000 P/R
Pressure sensor E8F2-B10C, Omron,
range: 0{1 MPa.
Air compressor 6-25, JUN-AIR,
tank: 25 L, displacement: 60 L/min.
Pressure tank AST-25G, EARTH MAN,
tank: 25 L.
Control PC Ubuntu12.04, Xenomai2.6.2.1 Patch,
CPU: 3.2 GHz,
memory: 8 GB, homebuilt.
? 3? ??????????? 30
3.4 ???????????








J  + cs _ + ks sin = 0
Table. 3.5?? ks sin ' ks ???????????????
J  + cs _ + ks = 0
??? ??????????????


























Table 3.3: RMSE between approximations and experimental data of restoring
torque of see-saw
ks RMSE[N] NRMSE[%]
ks sin( ) 0.04117 0.001233 0.029822
ks 0.03986 0.001267 0.030644
? 3? ??????????? 31
























Fig. 3.5: restoring torque and angle of see-saw.

























Fig. 3.6: time response of angle of see-saw.
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3.5 ?????????
????????? u?????? ????? (u)??????????
(2.13)???? ???????? P ???????????????????
? u????? P ????????
? (2.13)?????? ????? P ???? Fig. 3.7????
?????????????? u???????? P ?????????? u
????? P ???? Fig. 3.8?????????? 1?????? PAM1??
?????????? 2?????? PAM2?????????o??????
??????????????????????????
u = ()????????????????????????? P ? ???
? P = f()??????? u? P ???? u = g( P )???????u = g( P )
? P = f()????? u = ()?????????????????????
?????????????????????? ? u???? Fig. 3.9????
?????? 1??????? 2??????????????????????




??? 1?????????? 1()???? 2?????????? 2()?
???????????????????Table. 3.4?????????????
????????????????Table. 3.4???????
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Fig. 3.7:  vs P on simulation result.





















experimental data of PAM1
mean data of PAM1
experimental data of PAM2
mean data of PAM2
Fig. 3.8: u vs P on experimental result.
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u vs ® of PAM1
∙
2
u vs ® of PAM2
Fig. 3.9: Relationship between u and .
Table 3.4: u and P
x u1x[V] u2x[V] [-] P [kPa]
1 4.4739 4.5202 0.22186 200
2 4.5571 4.6066 0.26285 250
3 4.6290 4.6750 0.29969 300
4 4.7050 4.7391 0.33284 350
5 4.7587 4.7958 0.36409 400
6 4.8309 4.8533 0.39779 450
7 4.9530 4.9211 0.43629 500
8 5.1357 5.0156 0.48241 550
9 5.2467 5.1494 0.54240 600
10 5.3737 5.2994 0.64061 650
Table 3.5: RMSE and NRMSE of 1(u1), P1, 2(u2), P2
  1(u1) P1 2(u2) P2
RMSE 0.009847 9.4072e+03 0.01010 1.0071e+04
NRMSE 0.0194 0.0157 0.0179 0.0168




1.?????????? a; b; Pp; Fp?????
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Ptank [Pa] 0:701 106



























































??????RMSE? 0.3738 [deg]?NRMSE? 1.008 [%]??????????
???
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Fig. 3.10: Validation result of pressure and angle.





























Fig. 3.11: Error of pressure and angle.(RMSE: 0.3738)







Case 1 : u =
(
U1 if 0 < t < 5; 35 < t
U2 otherwise:
Case 2 : u =
8><>:
U1 if 0 < t < 5
U1 +
"
A1 sin 2f(t  5)
A2 sin 2f(t  5)
#
otherwise:
????U1 2 R2???U2 2 R2????????Table. 3.4???????Case
1????????????????????????????Table. 3.7????
????????????? (Table. 3.7)???RMSE? 20 kPa???????
Table. 3.5??????????RMSE? 10 kPa??????????????
????? 10 kPa????????????????????????????
????????? (Table. 3.7)???RMSE? 2.0 deg???????????
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Fig. 3.12: Time response of pressures and angle(Case 1, U1 = [u11; u21]; U2 =
[u13; u23]).
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Fig. 3.13: Time response of pressures and angle(Case 1, U1 = [u19; u29]; U2 =
[u17; u27]).
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Fig. 3.14: Time response of pressures and angle(Case 1, U1 = [u15; u25]; U2 =
[u12; u28]).
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Fig. 3.15: Time response of pressures and angle(Case 2, U1 = [u15; u25]; A1 =
0:4; A2 =  0:4; f = 0:02).
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Fig. 3.16: Time response of pressures and angle(Case 2, U1 = [u15; u25]; A1 =
0:4; A2 = 0; f = 0:02).
? 3? ??????????? 46


































Fig. 3.17: Time response of pressures and angle(Case 2, U1 = [u15; u25]; A1 =
0:5; A2 =  0:5; f = 0:05).
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Fig. 3.18: Time response of pressures and angle(Case 2, U1 = [u15; u25]; A1 =
0:5; A2 = 0; f = 0:05).
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Table 3.7: RMSE of P1; P2;  (Case 1)
U1 U2 RMSE of P1 [Pa] RMSE of P2 [Pa] RMSE of  [deg]
[u11; u21] [u13; u23] 1.2152e+04 1.0551e+04 0.50647
[u11; u21] [u15; u25] 1.3127e+04 1.4754e+04 0.58779
[u11; u21] [u17; u27] 1.0147e+04 1.3786e+04 0.71916
[u11; u21] [u19; u29] 1.1139e+04 1.5159e+04 0.71593
[u15; u25] [u13; u23] 1.0479e+04 1.1950e+04 0.94332
[u15; u25] [u17; u27] 8.8695e+03 1.2748e+04 0.81150
[u15; u25] [u19; u29] 1.5848e+04 1.5357e+04 0.88474
[u19; u29] [u13; u23] 7.7831e+03 1.0995e+04 1.32800
[u19; u29] [u17; u27] 9.0546e+03 8.4562e+03 1.09773
[u11; u21] [u11; u23] 1.5217e+04 1.2146e+04 1.06900
[u11; u21] [u11; u25] 1.6023e+04 1.8428e+04 1.41653
[u11; u21] [u11; u27] 1.5640e+04 1.8830e+04 1.63147
[u11; u21] [u11; u29] 1.7702e+04 2.3034e+04 1.93934
[u15; u25] [u14; u26] 9.7470e+03 1.2603e+04 0.71423
[u15; u25] [u12; u28] 1.4242e+04 1.4346e+04 0.70402
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